DNA transposons are known to frequently capture duplicated fragments of host genes. The evolutionary impact of this phenomenon depends on how frequently the fragments retain protein-coding function as opposed to becoming pseudogenes. Gene fragment duplication by Mutator-like elements (MULEs) has previously been documented in maize, Arabidopsis, and rice. Here we present a rigorous genome-wide analysis of MULEs in the model plant Oryza sativa (domesticated rice). We identify 8274 MULEs with intact termini and target-site duplications (TSDs) and show that 1337 of them contain duplicated host gene fragments. Through a detailed examination of the 5% of duplicated gene fragments that are transcribed, we demonstrate that virtually all cases contain pseudogenic features such as fragmented conserved protein domains, frameshifts, and premature stop codons. In addition, we show that the distribution of the ratio of nonsynonymous to synonymous amino acid substitution rates for the duplications agrees with the expected distribution for pseudogenes. We conclude that MULE-mediated host gene duplication results in the formation of pseudogenes, not novel functional protein-coding genes; however, the transcribed duplications possess characteristics consistent with a potential role in the regulation of host gene expression.
With their ubiquitous presence in eukaryotic genomes and their capacity to generate mutations, transposons are important players in genome evolution, influencing genome size, function, and structure (Kazazian Jr. 2004) . They are involved in the duplication of parts of their host genome through several different mechanisms, such as ectopic exchange between neighboring transposons via unequal crossing over (Lim and Simmons 1994) and macrotransposition (Ralston et al. 1989) . In addition to these mechanisms, which produce duplications of the genomic sequence between two transposons, fragments of host genes can be found duplicated within a single transposon. In the case of retrotransposons, this phenomenon is known as transduction and involves readthrough transcription from a retrotransposon promoter into adjacent host gene sequences and the incorporation of the host gene into the transposon sequence during reverse transcription (Bureau et al. 1994; Kazazian Jr. 2004) . The mechanism of gene-fragment duplication by DNA transposons, herein referred to as "transduplication," is unknown, but is clearly different from transduction because duplicated fragments retain introns. The potential functional impact of a duplicated gene fragment depends on whether it forms a protein-coding gene or a pseudogene; while the latter appears to be predominant for transduced gene fragments, the outcome of transduplication events is unclear.
MULEs are DNA transposons found in high-copy number in plants as well as in fungi and prokaryotes Turcotte et al. 2001; Chalvet et al. 2003) . They are characterized by long terminal inverted repeats (TIRs; longer than 100 bp), lengths ranging from a few hundred base pairs to more than 30 kbp, hypervariable internal sequence, and a 9-11 bp target site duplication (TSD). MULEs lacking TIRs (i.e., non-TIR MULEs) are rare in rice but predominate in Arabidopsis (Le et al. 2000; Yu et al. 2000) . MULE families are typically composed of a few autonomous elements containing a transposase gene, mudrA, and tens to hundreds of nonautonomous elements that lack functional mudrA, but which may be mobilized in trans (Le et al. 2000; International Rice Genome Sequencing Project [IRGSP] 2005).
Gene fragment transduplication by MULEs has previously been documented in maize (Talbert and Chandler 1988) , Arabidopsis (Le et al. 2000; Yu et al. 2000) , and rice (Turcotte et al. 2001) . Recently, it has been suggested as a mechanism for the creation of novel protein-coding genes (Jiang et al. 2004) . In this report, we demonstrate that the evidence is to the converse, that widespread MULE-mediated transduplication in rice results in the formation of pseudogenes that lack protein-coding function. Even the 5.3% of the transduplicates that are transcribed have one or more features that would disable any potential translation product. Furthermore, the synonymous amino acid substitution rate is consistent with reduced purifying selection. However, the transcribed pseudogenes may function in the regulation of host gene expression.
well-supported family classification and avoids the potential misannotation of elements with similar structural features to, but no evolutionary connection with, bona fide MULEs. In total, we mined 8274 MULEs from the rice genome, with an estimated 3% false positive and 17% false negative rate. The distribution of MULEs along the rice chromosomes (Supplemental Fig. 1 ) is similar to that of other DNA transposons (IRGSP 2005) , with higher element density in euchromatic regions (23 MULEs/Mbp) than in centromeric and pericentromeric regions (16 MULEs/Mbp).
To determine the prevalence of transduplication in our data set, we identified 1968 MULEs (24%) with high sequence similarity (BLASTN E-value Յ 1 ‫ן‬ 10
‫73מ‬
) to coding regions of predicted genes that are unrelated to transposons (Supplemental Table 2 ). Because gene prediction is relatively inaccurate, we focused on the 1337 MULEs (16%) with transduplicates for which the paralogous host gene is confirmed by a full-length cDNA (Supplemental Table 3 ), or which encode a conserved protein domain (Supplemental Table 4 ) (Fig. 1) . Our methods sacrifice sensitivity for specificity, so we expect the actual number of transduplicates to be considerably larger. The size of transduplicated regions ranges from 95 to 7742 bp, with a mean of 305 bp.
We clustered MULEs that contained the same transduplicate(s) and found that 64% are single-copy, and thus were formed by unique transduplication events. The remainder of the MULEs are multicopy, and thus presumably arose by replicative transposition of an ancestral MULE that had previously undergone transduplication. The number of MULEs per cluster followed a power-law relationship, decreasing rapidly with cluster size; 99% of the clusters had fewer than 10 members. For example, we identified seven MULEs in two families that contain a transduplicated putative poly(A) polymerase (PAP) gene fragment (Fig. 2) . In addition, we found that in 25% of the cases, a single MULE contains separate transduplicates of more than one host gene fragment, presumably the result of multiple independent transduplication events. In general, the insertion and rearrangement of transduplicated sequences may account for the high level of divergence both within and between MULE families .
The existence of an extensive data set of rice full-length cDNAs (Kikuchi et al. 2003 ) allowed us to identify transcribed transduplicates by comparing the position of elements to mapped cDNAs in the rice genome. A total of 310 MULEs overlap cDNAs (Supplemental Table 5 ), and in 66 of these, the expressed region includes one or more transduplicates, for a total of 72 transcribed transduplicates (Fig. 1 , Supplemental Table 6 ). All of the transcribed transduplicates have disablements preventing them from expressing a functional protein. First, six expressed transduplicates (8%) are not within a predicted ORF of the cDNA (Fig. 3A) . Second, for 13 expressed transduplicates (18%) that overlap a cDNA ORF, the predicted coding region is not in the same reading frame or has accumulated frameshift mutations and premature stop codons (Fig. 3B) . Third, for 22 expressed transduplicates with regions in the same reading frame as a cDNA ORF, the overlap does not contain protein domains found within 
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genome.cshlp.org Downloaded from the transduplicate (21%) or these domains are truncated (10%; Fig. 3C ). The only transduplicate with an intact conserved domain within a possible cDNA ORF is the pentatricopeptide repeat (PPR) transduplicate found in TI0007876 (Supplemental Table 6 ); however, all known PPR proteins contain multiple PPRs (Lurin et al. 2004) , so the functionality of a single repeat is questionable. Fourth, 23 transduplicates (32%) are expressed only in the antisense direction and therefore do not encode a protein. Finally, 10 of the expressed predicted host genes contain only truncated domains and may themselves be expressed pseudogenes. The predicted genes matching the nine remaining transduplicates do not contain any known conserved domain. In addition, a search of the SWISS-PROT and SCOP protein databases reveals that many of the transduplicates show similarity to known proteins and protein domains, but the matching regions contain frameshifts, premature stop codons, or are truncated (Supplemental Tables 6, 7) . Interestingly, a recent study of CACTA-like DNA transposons with transduplicated gene fragments also revealed that they are transcribed pseudogenes (Kawasaki and Nitasaka 2004) .
In contrast to these results, a recently published study of MULE transduplication in rice (Jiang et al. 2004) , concludes that the coding sequence of over 10% of transduplicates might have been functionally constrained. Our study differed from Jiang et al. (2004) in several ways. We identified and analyzed transduplicates on all 12 rice chromosomes, whereas they limited their analysis to chromosomes 1 and 10, then extrapolated to make a genome-wide estimate. We recorded duplicated regions that are highly similar to a transcribed gene or conserved domain, whereas they used similarity to any nonhypothetical nontransposase protein, regardless of additional support. According to Jiang et al. (2004) , of a sample of 100 of their transduplicates, 20 were not found to be similar to any genomic sequence outside of the MULE, seven of the remaining 80 were not similar to a predicted host coding region, and only 46 of the suspected hostcoding sequences were supported by a cDNA. After taking into account these differences, many of our basic results agree with Jiang et al. (2004) . For example, we identified 1337 MULEs with transduplicates, whereas Jiang et al. estimate 3200 in total, but based on their sample, fewer than 46% (1500) The ratio of d N (nonsynonymous substitutions per nonsynonymous site) to d S (synonymous substitutions per synonymous site) is a measure of selective constraint on coding sequences (Li et al. 1981) . d N and d S can be estimated using a number of substitution models and methods, and the estimates are sensitive to these choices and other complications such as the GC content of the sequences and their genomic context (Bustamante et al. 2002) (Waterston et al. 2002; Jorgensen et al. 2005) , while human gene-pseudogene pairs have mean d N /d S ∼ 0.5 (Torrents et al. 2003; Zhang et al. 2003) .
Testing for purifying selection on gene-transduplicate pairs using pairwise d N /d S is difficult because the standard null hypothesis for gene-gene pairs, that d N /d S = 1, is invalid. In this case, we expect d N /d S < 1 due to selection on the host gene, even if the transduplicate has been drifting neutrally. Jiang et al. (2004) overlooked this critical consideration and based their conclusion that >10% of transduplicates have been under purifying selection primarily on the results of a statistical test using this invalid null hypothesis. Their conclusion is therefore unfounded.
It would be useful to construct a generally valid null hypothesis of the form d N /d S = ␣, where ␣ is the expected pairwise d N /d S ratio between a neutrally drifting transduplicate and a corresponding host gene under purifying selection. Unfortunately, ␣ would vary with the strength of selective pressure on the host gene and so would need to be estimated on a case by case basis using, for example, additional homologous functional genes. Such an approach would be difficult to implement en masse for large numbers of transduplicates.
Instead, we adopted an alternative method and compared the d N /d S distribution of all qualified transduplicates with a benchmark distribution, as follows. We calculated the d N /d S ra- tios of all 47 transduplicates for which the transduplicate and host gene cDNA sequences could be aligned for a minimum length of 150 bp (87%-96% identity). This gave a d N /d S distribution with a median of 0.55 and standard deviation of 0.36 (Supplemental Fig. 2 ; Supplemental Table 6 ). As a benchmark, we used the published d N /d S distribution of a large set of human processed pseudogenes (Zhang et al. 2003) . If a large fraction of transduplicates had been under selection, it would have been reflected in a skewed transduplicate distribution relative to the benchmark. However, the distribution profiles are similar, both peaking near 0.5 with most d N /d S ratios in the range from 0.4 to 0.7. Although this comparison must be interpreted cautiously due to differences between human processed pseudogene benchmark population and the rice transduplicate sample, such as GCcontent and sequence divergence, the similarity between the two distributions is consistent with the observed high incidence of coding-sequence disablements and our hypothesis that transduplicates are noncoding pseudogenes. This suggests that if the process of transduplication ever does result in the formation of functional protein-coding genes, it occurs only rarely. Of over 1300 transduplicates in the extant rice (japonica) genome, we were unable to identify a single candidate functional proteincoding transduplicate.
Contrary to the standard definition of pseudogenes as nonfunctional, it has been shown that an inability to encode functional proteins often does not preclude pseudogenes from performing other functional roles, such as the provision of sequence reservoirs for gene conversion, or the regulation of paralogous gene expression (Korneev et al. 1999; Balakirev and Ayala 2003; Hirotsune et al. 2003) . Sense (51), antisense (23), and bidirectional (3) transcripts containing transduplicated sequences (Supplemental Table 6 ) could negatively affect host gene expression through RNA-mediated gene silencing (i.e., RNA interference or RNAi) by mechanisms including mRNA degradation, translational suppression, or DNA methylation of the host gene sequence (Meister and Tuschl 2004) . For prokaryotic and eukaryotic organisms, endogenous noncoding transcripts are known to suppress the expression of genes with which they share short regions of high nucleotide sequence similarity (Korneev et al. 1999; Palatnik et al. 2003; Vazquez et al. 2004) . Although these RNAs are often processed from a stem-loop precursor structure (i.e., miRNAs; Bartel 2004), partial complementarity is often sufficient to cause silencing (Korneev et al. 1999; Palatnik et al. 2003; Vazquez et al. 2004) . Therefore, transcribed MULE transduplicates possess features that could allow them to silence host genes. Interestingly, categories of proteins that predominate among known plant miRNA targets, such as transcription factors involved in development and proteins involved in ubiquitination and sulfur assimilation (Bonnet et al. 2004) , are also frequently found among sources of expressed transduplicates (Supplemental Table 6 ).
Transcription of MULE transduplicates is likely to be differentially regulated, since transduplicates exist in a different regulatory context from their corresponding host genes. The eukaryotic TATA box is usually found ‫02מ‬ to ‫53מ‬ bp from the transcription start site, and in most plant promoters, functionally important cis-regulatory elements reside within 300 bp upstream of the transcription start site (Guilfoyle 1997) . Since the transcription start site for 153 of 235 transcripts that initiate within a MULE sequence is located <500 bp from the element terminus, the promoter is likely located within the TIR. In fact, the TIRs of the maize MuDR element harbor promoters for mudrA and mudrB (Raizada et al. 2001) , and while the TIR sequences of rice and maize MULEs are divergent, the majority of rice MULE TIRs contain putative TATA boxes and other promoter elements. In addition, transposition of MULEs with transduplicates may bring them into proximity to other cis-regulatory sequences.
In summary, our study confirms that MULEs mediate the duplication of host gene fragments, but we found no evidence that such transduplicates may frequently evolve into novel functional protein-coding genes. All expressed transduplicates with conserved domains have disablements preventing them from encoding functional proteins, and their d N /d S ratios do not indicate that they have been evolving under purifying selection. However, we cannot rule out the possible existence of ancient protein-coding transduplicates that are no longer recognizable as MULEs. Of more significance may be the fact that transduplicates constitute a large source of pseudogenes with characteristics suggestive of a role in regulating host gene expression, but further analysis is needed to evaluate this possibility.
Methods
MULE detection
We used HMMER (Eddy 1998) (Juretic et al. 2004 ). We tentatively identified as MULEs pairs of sequences similar to MULE termini of the same family, with inverted orientation and separated by <30 kbp. We retained MULEs longer than 10 kbp only if manual inspection of their TIRs, repetitiveness, and TSDs supported their authenticity. We built custom software to identify TSDs located no more distant than 17 bp from the termini with at most two mismatches, rejecting MULEs lacking TSDs. From among overlapping MULEs, a single element was selected based on TSD quality (located nearest the predicted termini with fewest mismatches); nesting was permitted. We detected additional MULEs using BLASTN (Altschul et al. 1990 ) searches of 10 kbp sequences flanking either side of mudrA-like genes not associated with a MULE in our data set.
To estimate false positives, 140 MULEs were manually inspected; 136 (97%) were authentic. To estimate false negatives, we mapped 18 independently identified MULEs (Jiang et al. 2004) ; 15 mapped to identical positions as MULEs in our data set; 3 (17%) were absent.
To determine MULE density in euchromatic and heterochromatic regions, pericentromeric regions were defined by mapping marker positions to regions with reduced recombination surrounding the centromere of each chromosome, defined by comparing genetic to physical distances (S.I. Wright, pers. comm.).
Gene prediction
Gene models for Build 2.0 pseudomolecules were predicted using FGENESH (Salamov and Solovyev 2000) in monocot trained settings. Models were rejected if the ORFs were incomplete due to missing initiation or termination codons, if they encoded proteins shorter than 50 amino acids, or if they contained ambiguous sequence (represented by the symbol "N") (T. Sasaki, pers. comm.).
Transposon-related predicted genes (PGs) were identified by 
cDNA mapping
We used BLAT (Kent 2002 ) to map rice full-length cDNAs (Kikuchi et al. 2003) to Build 2.0 pseudomolecules. We aligned 29,364 of 32,127 cDNAs (91%) by selecting the best alignment of minimum 99% sequence identity.
Transduplicate detection
Transduplicates were identified by BLASTN (E <10
‫73מ‬
) of MULE internal sequences, trimmed by 200 bp at each end to partially remove TIRs, against nontransposon-related PG CDS (Supplemental Table 2 ). We then identified transduplicates corresponding to expressed PGs, defined as CDS overlapping a mapped cDNA (Supplemental Table 3 ).
Because some transduplicated regions shared significant similarity to more than one PG, PGs with overlapping (>30 bp) BLASTN high-scoring segment pairs (HSPs) to one or more MULEs were clustered. Eighty percent of the clusters contained only a single PG, and 99.9% were sized 10 or smaller. PG clusters occurring in only one MULE were interpreted as single, independent transduplication events, while PG clusters occurring in more than one MULE were interpreted as being descended by replicative transposition of a common transduplicate-containing ancestral MULE. In addition, individual MULEs containing multiple PG clusters were interpreted as resulting from multiple separate transduplication events.
Conserved domain detection
Transduplicates containing conserved protein domains (CD) were located by querying the NCBI Conserved Domain Database (CDD) (Marchler-Bauer et al. 2005 ) with 6-frame translations of each MULE (Supplemental Table 4 ). Five mudrA conserved domains (smart00575, pfam03108, pfam00872, pfam04434, and COG3328) were identified by querying Zea mays mudrA (NCBI accession M76978) against the CDD and excluded from consideration as transduplicates. Additional transposon-related CDs were identified by examining CD descriptions and also excluded.
Coding-sequence disablement and truncation
We identified 66 MULEs containing 72 high-stringency transduplicates (Supplemental Table 6 ), defined as a transduplicate that overlaps a cDNA and contains a CD or has a corresponding host PG that also overlaps a cDNA. For each high-stringency transduplicate, we verified the TSDs, TIRs, and alignments to conserved domains, PGs and cDNAs. cDNAs overlapping high-stringency transduplicates were compared with known nonfragmentary SWISS-PROT proteins (Bairoch et al. 2005 ) and known SCOP protein domains (Chandonia et al. 2004 ) to test for frameshifts and premature stop codons using a modification of procedures described previously (Harrison et al. 2002; Zhang et al. 2003 ) (Supplemental Tables 6, 7) . We also identified transduplicate cDNAs with significant protein-domain truncations, where protein-domain mappings were shorter than 50% of the domain length .
Synonymous and nonsynonymous substitution rate
We used BL2SEQ (Tatusova and Madden 1999) to align PG cDNA ORFs to corresponding high-stringency transduplicates. Fortyseven alignments longer than 150 bp (87%-96% identity) were manually curated by joining HSPs (E <10 ‫4מ‬ ) on the correct strand to eliminate frameshifts and redundancies. d N /d S ratios were calculated using PAML CODONML (runmode = ‫,2מ‬ CodonFreq = 0) (Yang 1997; Supplemental Table 6 ).
